ABSTRACT: β-Lactams represent perhaps the most important class of antibiotics yet discovered. However, despite many years of active research, none of the currently approved drugs in this class combine oral activity with long duration of action. Recent developments suggest that new β-lactam antibiotics with such a profile would have utility in the treatment of tuberculosis. Consequently, the historical β-lactam pharmacokinetic data have been compiled and analyzed to identify possible directions and drug discovery strategies aimed toward new β-lactam antibiotics with this profile.
T he discovery of Penicillin in 1928 and subsequent identification of its reactive β-lactam ring-containing structure heralded perhaps the most successful class of medicines yet discovered.
1,2 Decades of research building on this scientific landmark have led to the discovery of more than 100 marketed antibiotics using only a handful of chemical templates (Figure 1 ). The impact of this work on human medicine cannot be overstated. 3 Despite this unprecedented success, new β-lactam antibiotics continue to be identified and developed. 4 Furthermore, after recent years of decline, interest in the field is re-emerging. 5, 6 β-Lactams disrupt bacterial cell wall synthesis by inhibiting transpeptidases, involved in cross-linking peptides to form peptidoglycan. Over time, bacteria have evolved resistance mechanisms which have rendered many early drugs ineffective and obsolete prompting a continuing need for new research.
7−11
Our interest in these antibiotics is linked with the ambition to find new drugs to kill Mycobacterium tuberculosis (M.tb), the pathogen responsible for tuberculosis (TB). There is huge unmet medical need in TB. Millions of people contract and die from this appalling disease every year. 12 Existing treatment regimens are complex (requiring combinations of several drugs), and long (typically 6 months or more). 13 In common with other bacteria, M.tb utilizes transpeptidases for peptidoglycan cross-linking essential for cell wall synthesis.
14−16 Historically, early β-lactams showed poor anti-TB activity and were not pursued. For a long time this was erroneously attributed to poor drug penetration through the complex, lipophilic outer wall of M.tb. 17, 18 Recent research has demonstrated that permeability is not generally a problem and that the lack of activity is mainly due to drug inactivation by BlaC, a chromosomally encoded extended spectrum class A β-lactamase produced by M.tb.
19 Co-administration of class A β-lactamase inhibitors, such as clavulanic acid 20 or avibactam, 21 enhance the anti-TB activity of some older penicillins and cephalosporins, while newer drugs with stability to class A β-lactamases, such as meropenem and other carbapenems, display promising anti-M.tb activity in vitro both alone and in combination with β-lactamase inhibitors. 20,22 M.tb mutants, in which BlaC is deleted, also show increased susceptibility to β-lactams 23 and studies have demonstrated that carbapenems and cephalosporins inactivate essential M.tb transpeptidases.
24−29 Based on these results, new medicinal chemistry is emerging directed toward novel BlaC stable β-lactams able to inactivate M.tb transpeptidases.
30,31
Further encouragement for the potential of β-lactams in TB treatment is also emerging from early clinical studies with amoxicillin-clavulanic acid and meropenem + amoxicillinclavulanic acid. 32−36 Carbapenems have been successfully used to treat drug resistant patients 37 and more trials with existing TB-active β-lactams are in progress or planned.
38−41
Thus, one or more of the current β-lactam antibiotics could become part of future TB regimens. 42−44 Currently, however, it is not clear whether one of these drugs will be suitable for general use in all TB patients where infrequent oral dosing will be a requirement (ideally once daily with other combination drugs). A further relevant recent study using ertapenem/ clavulanate in an in vitro hollow fiber model of TB demonstrated that, similar to β-lactam drugs in other bacteria, 45 time of drug exposure above MIC drives pathogen killing. 46 Thus, based on all the current evidence, orally bioavailable β-lactam antibiotics with long duration of action and potent activity vs M.tb would be attractive candidate drugs to investigate for universal TB treatment and, if they maintained broad spectrum antibacterial activity, could readily find application in other bacterial infections. 47 A cursory inspection of the β-lactam pharmacopeia reveals both oral (dosed as parent or ester prodrug) and parenteral drugs. A small subset of the parenteral drugs have moderate elimination half-life (7 have human t 1/2 > 4 h, see Figure S1 ), but most drugs in the class are rapidly eliminated (t 1/2 < 3 h). Currently, no available drug is orally bioavailable with long duration of action. While sustained release formulations of oral β-lactams 48, 49 and/or pro-drugging existing M.tb active parenteral drugs 50 may be productive, drugs with extended half-life should be efficacious at lower doses with longer dosing intervals. 51, 52 It is therefore worthwhile to consider the possibility to discover new long-acting oral drugs from the class. In this context, a significant body of clinical and pre-clinical intravenous (i.v.) and oral β-lactam pharmacokinetic (PK) data has been published over many years. We have created an up to date compilation of PK parameters 53,54 and studied them to seek insights that might prove useful for future discovery work in the field. Specifically we investigated whether any structural features/properties could be identified that associated with long elimination half-life and/or oral bioavailability (human PK data) and also for the class in general, we assessed how effectively human PK can be predicted from pre-clinical studies. (The PK data set compilation, literature references, and more detailed description of the methodology used are provided as Supporting Information.)
■ OBSERVATIONS FROM THE β-LACTAM PK DATA SET Compounds and PK Data Retrieved. A total of 122 marketed β-lactam antibiotics and development compounds were identified and classified according to their sub-family and ionization class (Table 1) . Unsurprisingly, penicillins and cephalosporins make up the bulk of the set. Many drugs are monoacids due to the presence of the ubiquitous carboxylate critical to penicillin binding protein (PBP) inhibition. In some drugs these acids are modified to prodrug esters, and across the class an extensive range of additional basic, quaternary, and acidic groups have been appended (X,Y in Figure 1 ) populating the other ionization classes.
Searches of the primary literature were conducted by drug name and structure to locate references with in vivo PK data, focusing specifically on i.v. and oral studies in human and relevant pre-clinical species (rat, mouse, dog and monkey). (Table 1 and Tables S1 and S2 ). In silico physicochemical properties were calculated on all the drugs utilizing commercial software (Table S3) . 
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Perspective negatively charged or zwitterionic (Table 1 ). The influence of ionizable groups on PK properties has been well documented. 56, 57 In general, anionic groups improve aqueous solubility, but simultaneously reduce passive membrane permeability. Acidic drugs generally have low volumes of distribution (typically driven by their poor permeability and/or high plasma protein binding to serum albumin). Renal clearance of unchanged drug also frequently predominates over hepatic metabolism (β-lactam clearance data in Tables S1 and S2). Since t 1/2 = 0.693 V d /CL it follows that most of the β-lactams (which generally have low V d ) would be expected to be short-acting. Additionally, since many of the drugs are largely excreted unchanged in urine, increasing plasma protein binding would also be anticipated to reduce renal clearance and thus extend the elimination half-life. In line with this, all of the longer acting β-lactams do have higher human plasma protein binding (Figure 2a ). Mono-and diacidic drugs generally show the highest plasma protein binding ( Figure 2b ). By contrast, few zwitterionic drugs are highly bound, and almost all have short human half-life (Figure 2c ). Across the data set there is a trend toward longer t 1/2 for di-/ triacids (mean human t 1/2 for di-/triacids 3.0 h, all other classes 1.4 h).
In addition to ionization, the impact of other global physicochemical properties on half-life was also assessed. A cursory inspection confirmed all the β-lactam drugs with longest t 1/2 to be highly polar (log D < −1, PSA > 150) with high numbers of rotatable bonds, H-bond donors and acceptors. To probe more deeply, in silico molecular descriptors were calculated and a principal component analysis (PCA-XY) undertaken to look for possible correlations with the experimentally determined human half-life (see Tables S3−S5) . 58 The PCA scores showed that the set of drugs defines a homogeneously populated molecular property space (see Figure 3 , below). Compounds at the boundaries include small drugs such as sulbactam and clavulanic acid (lower right quadrant) and drugs with high molecular weight (upper and lower left quadrants). Interestingly, the 10 drugs with the longest human t 1/2 (>3 h) cluster in a specific area of the PCA score plot suggesting that the set of calculated molecular properties used could provide a way to capture the molecular property profile associated with extended half-life. The PCA loadings ( Figure S3 ) highlighted how the experimentally derived human in vivo PK parameters correlated with the calculated molecular descriptors. In the analysis we were interested in identifying properties that showed the strongest correlation with human t 1/2 and, for each descriptor, optimal values that could be used to inform medicinal chemistry optimization (Table 2 and Figure S4 for linear correlation scatter plots). Compound flexibility (expressed as number of rotatable bonds or fraction of rotatable bonds) showed a strong correlation with human half-life with more than 95% of the compounds with t 1/2 > 2 h displaying 5−10 rotatable bonds or a fraction of rotatable bonds between 0.17 and 0.29. Similarly, compounds with t 1/2 > 2 h are characterized by a total number of oxygen and nitrogen atoms ranging between 9 and 15 and a large polar surface area.The partition coefficient cyclohexane/water also correlates well (most favorable compounds value < −4).
The set of 101 compounds for which human half-life data were available was used to develop a statistical quantitative structure−activity relationship model for predicting the human half-life of new compounds. Initially the collection was randomly divided so that a training set (80% of the total) could be used for model learning to predict the half-life for the test set (20% of the total).
To assess the robustness and utility of the consensus model as a predictive tool, compounds in the test set were evaluated and a goodness of fit of R 2 = 0.64 was obtained between predicted and experimental values (Figure 4 , Table S6 ). Although built with a relatively small data set, the model correctly classified 85% of compounds with very short half-life (11 out of 13 compounds with t 1/2 < 1.5 h) and 78% of compounds with t 1/2 > 1.5h (7 out 9 compounds). An expanded computational model for predicting human t 1/2 has been built 
Perspective utilizing the full set of available human half-life data as training set (101 t 1/2 values) and is available on request. 59 Human Oral Data: Factors Impacting Oral Bioavailability. As highlighted above, the physicochemical properties of parent β-lactam drugs generally lead to poor membrane permeability and many consequently have low human oral bioavailability. There are, however, exceptions to this (Figure 5a ). Orally bioavailable β-lactam parent drugs utilize active transport mechanisms for absorption. 60 Drugs are initially sequestered into epithelial cells lining the intestinal lumen, frequently through the proton coupled peptide transporter PepT1 (SLC15A1) in the apical membrane. 61−64 PepT1 is a prominent member of an emerging group of transporters of clinical importance. 65 The structural similarity of the β-lactam cores to the natural substrate tripeptides is believed to be critical for PepT1 recognition. 66 However, since not all β-lactam drugs are transporter substrates, it is clear that the nature of the pendant substituents attached to the β-lactam ring is also important for binding and uptake. For cephalosporins and penicillins, many of the orally bioavailable drugs possess a basic amine in the 7-or 6-amide side chains, respectively. Furthermore, most of the orally bioavailable cephalosporin parent drugs possess a small 3-substituent (≤3 heavy atoms) suggesting that overall size may be important (Figure 5b , parent drugs).
The remaining orally active β-lactam drugs are ester prodrugs. Bioavailability data were retrieved for only a small number of these (Figure 5b, prodrugs) . Interestingly, however, the examples with the highest human oral bioavailability fall within physicochemical property space where good oral bioavailability is frequently observed (Figure 5 : log D = 0−2, MW < 550, HBD = 0−2). 67 Pre-clinical Data. We analyzed the historical pre-clinical i.v. PK data to look for possible retrospective insights for predicting human PK that might inform future pre-clinical profiling strategies. Simple plots comparing animal and human PK parameters across the entire data set ( Figure S5 ) suggested only weak correlations between human and monkey PK parameters (CL and t 1/2 ), with no correlations apparent in 
Perspective other species. Several historical publications have detailed successful application of allometry to predict human PK for specific β-lactams. 68−71 We therefore assessed the general applicability of this approach to the class. The xenologic openaccess allometry PK tool was utilized in this work. 72 A total of 43 compounds in the data set were available with PK parameters for human and at least one other preclinical species.
Utilizing this software, extrapolations based on monkey data delivered the best human predictions (Table 3 and Table S7 . > 80% of compounds predicted within the 2-fold cut off, irrespective of parameter predicted). The next best species in accuracy of prediction was dog (77−79% of Clearance and half-life predictions were within 2-fold of experimental values, slightly less accurate for V d ss (64%)). Human predictions based on mouse or rat PK were generally less accurate, a trend noted by other researchers with a more diverse set of drugs. 73, 74 Similar accuracy of prediction (80−84%) was also obtained using a multi-species allometry approach with variable exponents on compounds for which PK data were available in at least three species. (Figure 2 and Figure S2 ).
The observed PK profile of β-lactams arises from the interplay of many in vivo processes (see Figure S7 ). In addition to normal drug discovery considerations stability of the β-lactam ring to hydrolysis needs to be taken into account. 76 To minimize clearance, future long-acting drugs will require excellent plasma stability (and to avoid susceptibility to other hydrolytic enzymes such as DHP-I 77, 78 ). Based on our analysis, synthetic efforts aimed at finding new plasma stable (di/tri) acidic analogues, targeting and prioritizing compounds with higher human plasma protein binding for in vivo evaluation would be expected to maximize the likelihood of delivering drug candidates with low clearance and extended half-life. The computational model we have developed could also be utilized. Although built from a limited data set, it reliably identifies compounds characterized by a very low t 1/2 . Hence potential new targets for synthesis predicted in that range could be deprioritized (or redesigned). Extending the duration of action by increasing protein binding to slow the elimination of unchanged parent drug clearly needs to be balanced with the requirement to deliver and sustain drug levels in target tissues sufficient for anti-bacterial activity 79−81 ( Figure S7 ). While our analysis takes no account of possible metabolism or nonlinearity in protein binding (seen with some β-lactam drugs), 82 or consideration of specific mechanisms potentially involved in drug elimination, 78 the historical data suggest that a reasonable starting point for balancing these considerations would be to prioritize new compounds for in vivo evaluation with human fub in the range 6−25% (Figure 2d and Figure S2 ).
An alternative approach to finding new β-lactams with extended half-life would be to design and synthesize derivatives 
Perspective with the explicit aim of reducing renal clearance (maintaining low hepatic clearance and good plasma stability). This could be envisaged, for example, via the judicious introduction of metabolically stable lipophilic groups, compatible with anti-bacterial activity, onto the β-lactam cores. Although this approach would clearly not be without significant challenges (e.g., given the inherent highly polar nature of the β-lactams it may be necessary to increase molecular weight significantly and other favorable properties of these drugs such as their excellent aqueous solubility could be compromised) it would represent a departure from the past where drug discovery in this field was mainly driven by consideration of anti-bacterial profile (many of the drugs were discovered in an era where pre-clinical PK evaluation was not routinely performed). Applying the tools of modern drug discovery this approach warrants serious consideration. Whichever approach is employed, conducting early preclinical i.v. PK studies will be important to gain understanding around the hepatic/renal clearance routes of new compounds and inform the ensuing medicinal chemistry.
The overall polar and charged properties of most β-lactams, including all the long-acting parenteral drugs, are generally associated with poor oral bioavailability. Despite this, both active uptake and pro-drug strategies have historically delivered oral drugs. Considering the active transport approach, expanding SAR for PepT1 transport in an appropriate in vitro assay could assist in finding new orally bioavailable β-lactam parent drugs. 83 In silico models for PepT1 recognition have been developed and structural studies are now emerging which will potentially facilitate the rational design of further substrates. 84−90 However, since PepT1 is only one of several transporters utilized by β-lactams and only mediates the first step in absorption, such data may not correlate well with oral bioavailability. (Published data indicate that some β-lactam drugs are accumulated intracellularly and metabolized, suggesting that SAR for the basolateral membrane transporters and PepT1 may not be identical.) In light of this, utilizing in vitro permeability/flux assays in cell lines expressing relevant transporters offers a more pragmatic way forward. A study with 23 β-lactam drugs demonstrated a good correlation between the overall net flux of intact β-lactams through a Caco-2 monolayer and human oral bioavailability. 91 Permeation across rat jejunum also correlated well with human bioavailability for a small set of β-lactams. 92 In future discovery work, early profiling of new molecules in a suitable cell permeability assay should rapidly identify actively transported parent drugs with potential to show good oral bioavailability.
Within the di-/triacid group (highlighted with highest potential for long t 1/2 ) only cefixime and ceftibuten are orally active (via active transport). 93, 94 Multiple transporters have been implicated in the uptake of these two drugs so finding future oral di-/triacids utilizing similar mechanisms is likely to rely on serendipity. Alternatively, synthesis of orally bioavailable prodrugs of long-acting (di-/triacid) β-lactams unable to utilize active transport mechanisms can also be envisaged. Since historic prodrugs with the highest human oral bioavailability fall within property space where orally bioavailable drugs are frequently found, it follows that carefully controlling physicochemical properties should produce prodrug candidates with good passive permeability. Thus, minimizing the size and polarity of the parent β-lactam pendant substituents (X,Y in Figure 1 ) as far as possible (within the constraints required for anti-bacterial activity and moderate-high plasma protein binding) should maximize space to introduce pro-drugging ester substituents and, by implication, the likelihood of finding orally bioavailable prodrugs. 95, 96 Prioritizing active compounds for in vivo profiling and generating data to build confidence early in discovery that the desired human PK profile will ultimately be attained is critical in drug discovery. Our analysis emphasizes a further challenge in the β-lactam field which is that rodent and human PK frequently do not correlate well. In general, i.v. PK studies in monkey appear to offer reasonable predictions for human, but it is not feasible to conduct such studies routinely at an early stage of drug discovery. Based on the historical data, a pragmatic approach would be to apply the simple allometry from mouse i.v. PK data (65−75% of predictions within 2-fold of the actual human values) but interpret the results with caution and rapidly advance the most promising compounds into a second PK species to increase confidence.
In summary, new orally bioavailable β-lactam antibiotics with long elimination half-life have the potential for widespread use in the treatment of TB and other bacterial diseases. Historical β-lactam PK data have been compiled and used to suggest pragmatic drug discovery strategies which could be pursued in future research efforts. Based on our analysis, and given the lack of current drugs with this profile, it is clear that combining together the features needed for long half-life and good oral bioavailability along with the desired anti-bacterial profile is very challenging, and it remains to be seen if this goal is ultimately achievable. However, since much of the early medicinal chemistry in this field was empirically driven, it is possible that utilizing future strategies with more emphasis on PK properties could yet deliver new antibiotics with the potential to be transformational in TB and other bacterial infections.
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